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ABSTRACT  
Motivated by recent successful synthesize of segmented graphene nanoribbons (GNRs) with junctions, we 
explore electronic properties of a novel form of GNR with sawtooth-like structure using the density-functional 
theory method. It is found that the unique edge structures of the sawtooth-like GNR induce richer band-gap 
features than the straight GNR counterpart with either armchair or zigzag edges. The effect of external electric 
fi eld on the electronic properties of the sawtooth-like GNR is also studied. The theoretical results may be useful 
for designing GNR-based fi eld-effect transistors.  
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Graphene, a single layer of graphite, has attracted 
considerable attention recently due to its intriguing 
physical properties and potential application in 
nanoelectronics [1 5]. By patterning and cutting a 
graphene sheet into one-dimensional nanoribbons, 
both experimental and theoretical studies have 
shown that the electronic band gap of the graphene 
can be opened up. Moreover, the band gap of the 
graphene nanoribbon (GNR) is dependent on its 
width and crystallographic orientation [6 15], 
rendering graphene-based band-structure engineering 
and nanoelectronic device possible [14 20]. It is 
also reported that a finite graphene fragment with 
special edges can exhibit giant spin moments [16
21]. Several theoretical studies have predicted that 
half-metallicity may be realized in GNR either by 
applying an external in-plane electric field or by 
chemically functionalizing the zigzag-edge of GNR 
with different molecular groups (such as H, COOH, 
OH, NO2, NH3, CH3, etc.) [22 25]. The half-metallic 
GNR may fi nd application in spintronics.
Recently, Dai and co-workers have successfully 
synthesized sub-10 nm GNRs with ultra-smooth 
edges by using a chemical approach [7]. Straight GNRs 
with zigzag, armchair, or mixed edges are proven 
to be semiconducting by the experiment. Moreover, 
segmented GNRs containing lattice-defi ned graphene 
junctions have been produced with chemical method, 
where two segments formed a special angle of 120 
degree. These segmented nanoribbons, when tailored 
together, will form a novel sawtooth-like structure. 
Motivated by the major advance in GNR synthesis, 
we have investigated infi nitely long segmented GNRs 
with sawtooth-like structure using the first-principles 
method. The effect of external in-plane electric fi eld on 
the electronic properties of the sawtooth-like GNRs is 
also studied.
The first-principle calculations were carried out 
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using linear combination of atomic orbital density-
functional theory (DFT) method implemented in 
DMol3 package [26 28]. The generalized gradient 
approximation (GGA) in the Perdew-Burke-Ernzerhof 
(PBE) form as well as an all-electron double numerical 
basis set with polarized function (DNP) were chosen 
for the spin-unrestricted DFT calculation [29]. The 
real-space global cutoff radius was set to be 3.70 Å. 
To simulate sawtooth-like nanoribbon, a tetragonal 
supercell was adopted. The nearest distance between 
two neighboring GNR is greater than 30 Å. The k-point 
sampling was employed using the Monkhorst-Pack 
scheme with spacing of 0.04 Å 1 [30]. The structures 
were fully optimized without any constrain, and 
the forces on atoms were less than 0.05 eV/Å  after 
geometric optimization.
The structure of a sawtooth-like GNR can be 
characterized by two integers (w, l) as shown in 
Fig. 1(a). The first integer denotes the width of the 
nanoribbon while the second integer describes its 
periodic length. All edge atoms are passivated with 
hydrogen atoms to avoid the dangling bonds. We 
investigated sawtooth-like GNRs with w ranging 
from 1 to 5 and l ranging from 3 to 6. For the purpose 
of comparison, straight GNRs with both armchair 
and zigzag edges, as shown in Figs. 1(b) and (c), were 
also studied. The sawtooth-like GNRs have zigzag 
edges only.
First, we calculated electronic properties of straight 
GNRs. In Fig. 2, the electronic band structures and 
band gaps of the GNRs with various w are presented. 
Clearly, the electronic band structures are sensitive to 
the edge structure of the nanoribbons.
Consistent with previous studies, all straight 
（a）
Figure 1   (a) The optimized structure of a sawtooth-like GNR with 
w = 4 and l = 6. (b) and (c) are the optimized structures of straight 
GNRs with armchair and zigzag edges, respectively. The green and 
white spheres represent carbon and hydrogen atoms, respectively
Figure 2   (a) The electronic band structures and (b) calculated 
band gap versus ribbon width w for straight GNRs. The Fermi level 
is plotted with the dotted line. Γ and Z correspond the (0,0,0) and 
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GNRs are semiconducting. Two distinct features can 
be seen by concerning the band gap. The band gap 
of GNR with zigzag edges slightly decreases with 
increasing the width w, while that of GNR with 
armchair edges varies periodically as a function of 
w. Note that previous theoretical studies have shown 
that the band gap of narrow GNR with armchair edges 
generally opens up due to the quantum confi nement 
as well as the edge effect. The band gap of GNR with 
zigzag edges is due to distinct sub-lattice potential 
induced by edge magnetization [12]. The oscillatory 
band gap for GNR with armchair edges can be 
explained by the Fermi wavelength in the direction 
normal to the ribbon direction [13]. Our results of 
the band structures are consistent with previous 
theoretical studies [8 14]. 
Like the straight GNRs, the calculated electronic 
band structures of the sawtooth-like GNRs also show 
semiconducting characteristics with direct band 
gap (Fig. 3(a)). More interestingly, even though the 
sawtooth-like GNRs have zigzag edges (Fig. 1(a)), 
their band gaps show similar oscillatory behavior 
as those of straight GNRs with armchair edges 
(Fig. 3(b)), which depend on the width w. However, 
for most nanoribbons, their band gap reduces 
monotonically with increasing the periodic length 
l (Fig. 3(c)). The band gaps of nanoribbons with 
w = 1, 2, or 4 reduce much rapidly, whereas those 
of nanoribbons with w = 3 or 5 reduce gradually. 
For (2, l) sawtooth-like nanoribbons, the band gap 
approaches to zero rapidly as the l increases. These 
results show that the band gaps of the sawtooth-like 
GNRs are much more sensitive to their geometric 
structures, which can be exploited for band-structure 
engineering. 
The richer band-gap behavior for the sawtooth-
like GNRs stems mainly from their unique edge 
structures. We plotted the spin charge density 
profiles of straight GNRs with zigzag and armchair 
edges and those of sawtooth-like GNRs in Fig. 4. It 
is known that the lattice sites of a graphene can be 
classifi ed into two sub-lattices. The spin is polarized 
in one direction on one sub-lattice and in opposite 
direction on the other. Thus, the straight GNR with 
zigzag edges has two opposite spins on the opposing 
edges ( Fig. 4(a)), which results in a fi nite band gap. 
Figure 3   (a) The electronic band structures of several sawtooth-like 
GNRs with various w and l. The band gaps versus (b) the width w and 




However, this effect is negligible in the straight GNR 
with armchair edges because the nearest-neighbor 
atoms on one edge have opposite spin directions. 
As shown in Fig. 4(e), the spin density is very small. 
Hence, the ground state of the armchair GNR can 























































1 3 4 5
3 5 6
43Nano Res (2008) 1: 40 45
5×10-2
Figure 4   The spin charge density profi les of (a) a straight GNR with 
zigzag edges, (b) (d) sawtooth-like GNRs (2,6), (4,6), and (4,4), and 
(e) a straight GNR with armchair edges. The surface density values 
are given on the right in the atomic unit (a.u./ Å3). Yellow and blue 
spheres denote the opposite spin directions
theory). On the other hand, the sawtooth-like GNRs 
with zigzag edges may be viewed as a case between 
the two. Atoms on the edge of two neighboring 
segments belong to two different sub-lattices. 
As such, the spin direction on one edge changes 
alternatively from one segment to the next. From the 
spin charge density profiles of (2,6), (4,6) and (4,4) 
sawtooth-like GNRs shown in Figs. 4(b)  (d), it can 
be seen that the spin-density value depends on the 
ratio l/w. For the (2,6) GNR ( Fig. 4(b)), l/w = 3 and the 
spin density is similar to that of straight GNR with 
zigzag edges. The spin density of the (4,4) GNR is 
negligible ( Fig. 4(d)), as in the case of straight GNR 
with armchair edges. This reduction of spin is due to 
the suppression of spin by edge defects [31]. This is 
because the corner in sawtooth-like nanoribbon may 
be viewed as a local armchair-edge-like defect. As l 
decreases, the corner density increases, and thus, the 
degree of the spin reduction becomes larger. 
To assess relative stability between sawtooth-
like and straight GNRs, we calculated the average 
cohesive energy of three types of nanoribbons with 
the same w, as shown in Table 1. Since the calculated 
energy from the spin-restricted and spin-unrestricted 
calculation is essentially the same for the straight 
armchair GNR, results from the spin-unrestricted 
calculation are used to calculate the cohesive energy 
of the straight armchair GNR. We chose the unit 
cell of straight nanoribbon with zigzag edges as the 
smallest repeat unit. The average cohesive energy is 
defined as Eave= [Etotal – nC E(C) – nH E(H)]/Nrepeat(in 
a unit cell), where E is total energy of the system, 
nC (or nH) is the number of carbon (or hydrogen) 
atoms in a unit cell, and Nrepeat = 2 l for sawtooth-like 
GNR, and Nrepeat = 2 for straight GNR with armchair 
edges. From Table 1, it can be seen that the average 
cohesive energy of sawtooth-like GNRs decreases 
as l increases, and their values are between those of 
straight GNRs with armchair and zigzag edges and 
the same w. The GNR with armchair edges has the 
largest cohesive energy. Note that the width here is 
characterized by the integer of w but not the actual 
physical width. A previous study also predicted that 
a straight GNR with armchair edges is more stable 
than the straight GNR with zigzag edges [32].









restricted calculation with the armchair GNR and 
found that the energy is essentially the same as that 
from the spin-unrestricted calculation (the energy 
difference is less than 1 meV at the present level of 
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in-plane electric fi eld on the electronic properties of 
sawtooth-like GNR. We chose the (3,6) sawtooth-like 
GNR as a prototype model system. A uniform electric 
fi eld is applied parallel to the nanoribbon’s surface and 
normal to the ribbon direction (as the arrow shows 
in Fig. 5(c)). The electronic band structures and the 
electrostatic potential of the (3,6) sawtooth-like GNR 
in zero fi eld and in fi nite fi eld are plotted in Fig. 5. 
As the field strength increases, the band structure 
changes, and the Fermi level is shifted downward. 
The band gap is also modifi ed by the external electric 
fi eld. This fi eld effect is in stark contrast with that for 
the straight GNR with zigzag edges. For example, 
the external in-plane electric fi eld cannot induce half-
metallicity in sawtooth-like GNR. Moreover, in the 
present of the electric fi eld, the electrostatic potential 
distribution at two opposing edges of the sawtooth-
like GNR is not symmetrical, as shown in Fig. 5(c), 
whereas it is quasi-symmetrical in zero field (see 
Fig. 5(b)). Because there exist two types of sub-
lattice sites on one edge, the difference in electrostatic 
potential at the opposing edges cannot induce spin 
splitting but only affects the band structure and the 
Fermi level.
Note that in this study we only considered 
sawtooth-like nanoribbons with a bent angle of 120 
degree between two neighboring segments. As such, 
the edge atoms in two neighboring segments belong 
to two different sub-lattices. On the other hand, if 
the bent angle is 60 degree, all atoms in one edge 
would belong to a single sub-lattice as in the case 
of a straight nanoribbon with zigzag edges. Hence, 
it is expected that sawtooth-like nanoribbons with 
different bent angles can have different properties. 
In conclusion, we have studied stability and 
Figure 5  (a) The electronic band structures of the (3,6) sawtooth-like 
GNR in zero and fi nite in-plane electric fi elds (The unit of the external 
electric fi eld is a.u.). The Fermi level is denoted by the dotted line. 
The electrostatic potential distribution on the nanoribbon’s surface 
or on the surface normal to the nanoribbon in (b) zero and (c) fi nite 
electric fi eld (Ef)
Table 1   The average cohesive energy (eV) of sawtooth-like and straight GNRs with zigzag and armchair edges
                                        Average cohesive energy (eV) 
 
GNRs
  w=1 w=2 w=3 w=4 w=5
  l=3 36.258 52.139 68.056 83.988 99.894
 Sawtooth-like l=4 36.202 52.102 68.026 83.941 99.850
 GNRs l=5 36.188 52.074 67.991 83.904 99.819
  l=6 36.179 52.053 67.962 83.872 99.789
 Straight Zigzag edge 36.063 51.959 67.849 83.744 99.651
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electronic properties of GNRs with sawtooth-like 
structure using the density-functional theory method. 
The average cohesive energy of the sawtooth-like 
GNR is between that of straight GNR with zigzag 
and armchair edges. It also decreases as the periodic 
length increases. The calculated electronic band 
structure indicates that sawtooth-like GNRs are 
generally semiconducting with direct band gap. The 
band gap is dependent on both the nanoribbon's 
width and periodic length. Unlike straight GNRs, 
an external electric field can only affect the band 
structure as well as the position of the Fermi level 
of sawtooth-like GNRs but cannot lead to half 
metallicity. The much richer band-gap behavior of 
sawtooth-like GNRs may be exploited for band-
structure engineering via tailoring geometric 
dimenstions of sawtooth-like GNRs. 
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